The electronic term scheme of ferric iron in metmyoglobin, metmyoglobin fluoride, and met hemoglobin is evaluated by a Hamiltonian which involves the Coulomb repulsion of the 3d elec trons, their interaction with the Csv-coordinated ligands, and spin-orbit coupling. The adjustable parameters of the theory were determined by a least squares fit to experimental EPR, susceptibility, and far-infrared data reported in the literature. According to these results, the structural properties of the ferric ion and its neighboring ligands were discussed by means of group theoretical argu ments: An increasing out of plane position of the ferric ion is found in the sequence m etHbmetMb -MbF which corresponds to an increasing binding strength with the axial ligands.
I. Introduction
A great deal of experimental work has been done during the past years to determine the electronic structure of the ferric ion in biological substances. At the present state of our understanding, three methods proved to yield most valuable inform ation regarding the low-lying energy levels within the 3d5 configuration of the ferric ion -the electron p a ra magnetic resonance (E P R ), the measurement of static paramagnetic susceptibilities, and the techni ques of far-infrared Fourier transform spectro scopy. However, the common interpretation of the experimental results in terms of the spin Ham il tonian formalism gives no insight in the detailed structure of the ferric system. This formalism acts only as a tabulation scheme in order to catalog the experimental results with fortuitous accuracy, depending on the num ber of adjustable param eters. In attempting to improve on this prescriptive ap proach, H arris et al. 1-4 evaluated within the basis set of three total five-electron multiplets 6A1( t | e 2), ^( t l e ) and 2T2( t|) the eigenvalues and eigen vectors of the low-lying Kram ers doublets of the ferric ion by means of a Ham iltonian which takes into account the Coulomb repulsion between the five 3d-electrons, the interaction with the C4v-coordinated ligands, and spin-orbit coupling. This calcu lation is a function of certain param eters which were varied until the best fit with experimental data was obtained. It should be noticed, however, that this basis set is only a suitable starting point in the limit of a strong octahedral ligand field, where con tributions of the lower C4v-symmetry to the Hamil tonian are sufficiently small. From the well known structural properties of the porphyrin compounds it is obvious that at least the sixth coordination of the ferric ion is occupied by a ligand with deviating binding strength. For that reason, the adjusted parameters of the strong octahedral field approxim a tion are related with limited accuracy to the cor responding physical interactions of the ferric sys tem. On the other hand, the low-lying energy levels of the 3d6 configuration in Fe2+-porphyrin com pounds were calculated within a basis set reflecting exactly the C4v point symmetry of the ferrous ion 5. A small rhombic perturbation and spin-orbit coupling were handled as perturbations and the inherent parameters of the theory were successfully adjusted to the tem perature dependent quadrupole splittings and susceptibility measurements by a least squares fit procedure6" 9. Thus, the aim of the present paper is to carry over this concept to the 3d5 configuration of C2v-coordinated Fe3+ in bio logical systems, so that the experimental results on ferrous and ferric porphyrin compounds can be discussed simultaneously. In Sec. II the formalism of the theory will be applied to the 3d5 configura tion of C2v-coordinated ferric iron and the results obtained are put into a form more suitable for num erical computations. Sec. I l l includes a discus sion of the electronic structure and the spatial ar rangement of the ferric ion in metmyoglobin (M b), metmyoglobin fluroride (M bF), and methemoglobin (H b ). The adjustable param eters of the theory are obtained by a least squares fit to temperature dependent magnetic susceptibility data 10, far-infra red d a ta n , and frequency dependent EPR data, where the anisotropy of the g-tensor in the hem plane is observed with high accuracy 12,13.
II. Theory
The basis set of the 3d5 configuration is given by the following total five-electron multiplets (2S + i)^> where (2 5 + 1) is the spin multiplicity, L the angular quantum number, and v the seniority num ber 14,15 5 = 5 / 2 : 5 S; S = 3 /2 : | P , l D j F , f G ;
In a first step we diagonalize this basis set by means of a Ham iltonian which takes into account the approxim ate C4v point symmetry of the iron cation and the Coulomb repulsion between the 3d electrons. The first part of the Hamiltonian
is determined by the energy gaps sM of the anti bonding single 3d electron orbitals e^ = E (3dX z,yz) -E(3dXy),
The second part is given by
where the coefficients E1 and E2 are certain linear combinations of the Slater integ rals5 (we refer to this paper for definitions, notation, and discus sions) . As in the case of the ferrous system, we choose these coefficients to be £'1 = 4 9 1 8 cm _1 and E2 = 403 cm-1 ; deviations from the exact values yield only a renorm alization of the energy scale. The m atrix elements of the tensor operator V < gK) are defined by the equation
The reduced m atrix elements of the second rank tensor V ® are proportional to those calculated by Racah 14
and the reduced m atrix elements of the tensor oper ator V^4^ are listed in Table I . The required matrix elements of the two-particle operators ex and e2 in Eqn (4) are tabulated in 
-200 cm-1 < £x < 800 cm-1 . Figure 1 shows the positions of the low-lying energy levels 6A1 , 4A2 , 4E, 2B2 , and 2E. In order to under- for the diagonalization of the relatively weak spinorbit interaction H 3 and rhombic perturbation H4 .
The relevant m atrix elements for spin-orbit inter action (9) in analogy to our previous papers 5> 6> [8] [9] , so that the matrix element with the ferrous high-spin state 5E is simply given by (3d6, 5E + | H4 | 3d6, 5E _ ) = Z) + £ .
( 1 2 are given by
where the reduced m atrix elements are equal to those given by R a c a h 14
The coupling constant £ is a fit param eter, too. the single electron orbitals and their associated high-spin levels are identical. In principle, the two parameters D and E can be determined from the rhombic splittings of the orbital degenerate base vectors 2E and 4E. However, the low-lying Kramers doublets which will be correlated to EPR, far-infra red, and susceptibility data, are insensitive to the rhombic splitting of the high-lying 4E term. For that reason we can only fix a certain linear com bination of D and E from those experiments. On the other hand, the analysis of experimental data in Sec. I ll indicates that the rhombic parameters are similar for ferric and ferrous hem compounds; this assumption allows to fix the two parameters separately. As mentioned above, the required m atrix elements of H3 + H4 with the base-vectors depend implicitly upon the param eters , e2 , and s3 . In the Appendix, these matrix elements are put into a form suitable for num erical computations.
The diagonalization of H3 + H4 within the basis set gives rise to 12 Kramers doublets |a = l . . .
12, ± ) which are certain linear combinations of the base vectors
\a, ± ) = x al | 6A j , ± 5 / 2 ) + x a2 !6A1? + 3 /2 ) + ar"3 ] 4A2, + 3 / 2 ) ± za4 | 4E + , + 1/2) ± xa5 | 4E t , ± 3 / 2 ) ± x a6 12B2 , + 1/2) + ^«7 I 2E t , + 1/2) + x a8 |«A15 ± l / 2 ) + x a9 | 4A2, ± 1/2) ± * a io |4E ± , + 3 /2 ) ± x an | 4E t , + 1/ 2 ) + x al2 j 2E + , + 1/ 2 ) .
The 
where the C1 are functions of xatx and Xßv , we ob tain by perturbation theory up to second order the magnetic field dependent g-tensor components of the Kramers doublets | a, + ) the susceptibility X 1 becomes (18) where N is Avogadro's number, and Hl is the ith component of the applied magnetic field. The magnetic susceptibility observed fo r a random sample is X { f j = l / 3 { X x + Xy + X z).
(19)
III. Analysis of Experim ental D ata for M etmyoglobin, M etm yoglobin Fluoride, and M ethemoglobin
The available frequency range for the far-infrared measurements of these compounds 11 was approxi where the interaction H5 is diagonalized together with H3 + H 4 . Absorption corresponding to a zerofield splitting E2 -Ex = 11.88 ± 0.16 cm-1 between the two lowest Kram ers doublets was observed in the spectrum of MbF (in the rem ainder of the paper we set E± = 0 ). However, no absorptions were found in zero field below the maximum frequency limit of ~1 6 c m -1 for metMb and metHb. This observation implies E2 > 16 cm 1 for these complexes; a more accurate estimate of E2 was deduced from the data for the Zeeman splitting of the ground d oubletn , Magnetic susceptibility measurements on random samples of hemoproteins down to 4.2 K have been reported by Tasaki et al. 10 . The magnitude of the applied field was 1 2 k 0 e . The experimental data for metMb (pn = 6) and MbF are shown in Fig. 3 within the accuracy that J^exp(7') can be read from Fig. 1 of ref. 10 . In order to compare the experi mental data with the param agnetic susceptibility X ( T ) as obtained from Eqns (18) and (1 9 ), we must introduce two further param eters n and X exv( T ) = n X ( T ) + X dill. The diamagnetic p art Z^ia is a trivial param eter which could be easily determined by the fit proce dure, because it is not correlated with the adjustable param eters of the theory. The factor n corrects a possible experimental error by the determination of the num ber of iron ions in the samples; a conser vative estimate is n = 1.00 i 0.02. The magnetic susceptibility of metHb is considerably smaller than that expected from a high-spin compound. During the course of repeated measurements 17, the value of the susceptibility was found to vary from time to time in the same sample preparation. It is assumed, therefore, that a fluctuating portion of the iron ions of metHb has a low-spin ground state, so that these measurements are unsuitable for our fit proce dure.
The g-tensor is defined in the principal axes sys tem (x, y, z) by the corresponding spherical polar angles ($ , <p) g (#, <p) = Y (glcos2 <p + g l sin2 cp) sin2 $ + g2 z cos2 # . 13 . Less accurate m easure ments on metHb were also reported 13 for a single type A crystal in the a 6-and 6 c* -plane, and for the low-field extrema (^ gx) of a polycrystalline sample. It is assumed in our analysis th at the angles < rpab and cpbc* for metHb are equal to those of metMb. The experimental data are listed in the Tables I I I -V . We are now in the position to determine the six adjustable parameters , £2 , e3 , £, D, and E of the theory. As outlined in Sec. II, the rhombic p er turbation is already defined by a certain linear com bination of D and E from those experiments dis cussed above. Fig. 2 shows the correlation between Small deviations of ^ and £ from these values cause only a slight and systematic modification of the adjustable param eters e2 and £3 which does not af fect our conclusions concerning the spatial arrange ment of the ferric ion in these compounds, whereas E is only correlated to the rhombic fit parameter D.
The results of the least squares procedure are summarized in Tables III -V. In the case of metMb (Tab. I l l ) , the three param eters £2 > e3» and D were varied until the best fit with both the EPR and sus ceptibility data was obtained; no fit to the estimated value 11 of the zero-field splitting E2 was included in this procedure. The two fits a and b refer to n -1 and n = 1 .0 2 of Eqn (2 1 ), respectively. The theoretical susceptibilities of both fits correspond, within the accuracy of the drawing, to curve a in Fig. 3. Fig. 4 shows the Zeeman splittings of the ground doublet obtained from fit a, when the magnetic field is oriented along the x and y direc tion, respectively. The measured absorption maxima fit the lower AExy curve as expected from physical reasoning. The results for MbF are listed in Table IV . Fit a was performed in analogy to fit a of metMb, whereas the least squares criteria of fit b include the measured zero-field splitting E2 = 11.88 cm -1 . In neither case is the agreement with both the far-infrared and susceptibility data (curves a, b of Fig. 3 ) perfect. It should be noticed, how ever, that the discrepancies between curve b and the experimental data can be removed by choosing a rather large n = 1.027 in Eqn (21). Finally, the results of a least squares procedure, including EPR and susceptibility data but no far-infrared data, are shown in fit c, when n was also handled as a fit param eter, yielding n = 1.015 ± 0.004. Here, the calculated frequencies of the far-infrared absorp tions are in accordance with the experimental data as shown in Fig. 5 . The only discrepancy between theory and experiment was found for the ga&-value at 55 GHz, which certainly arises from an error due to sample m isorientation. The least squares fit criteria for metHb include only EPR data of limited ac curacy (Table V) so that the erro r of the fit param e ter e2 is exceedingly large, though the calculated zero-field splitting is in reasonable agreement with the estimated v alu e 11 of £ 2 = 2 1 cm-1 . This should be kept in mind in the subsequent discussion of the iron geometry relative to the hem plane and to the axial ligands at the 5th and 6 th coordination.
In hemoproteins, the iron cation is approximately C^-coordinated to the four pyrrole nitrogens of the porphyrin ring and to the hem-linked nitrogen atom and HbA. In the ferrous compounds, however, the more planar geometry was observed in Mb.
According to Eqn (8 ), the binding strength £3 determines the energy of the 4A2 level which is responsible fo r the zero-field splitting of the lowest K ram ers doublets in high-spin compounds via spin-orbet coupling. In p lanar high-spin com pounds the low-lying 4A2 level gives rise to a large zero-field splitting. It is interesting to note that the zero-fied splitting for the fluoro derivatives of myoglobin, hemoglobin, and proto heme are very sim ilar u , indicating that the relative large out of plane position of the ferric ion is mainly determined by the strong bonding with the fluoride ion. Consequently, the ferric ion should be shifted towards the fluoride ion in these compounds. On the other hand, the fit data in Table V indicate that the near planar iron in metHb interacts only slight ly with its axial ligands. Thus, it seems possible to me that metHb has an inversion m otion in analogy to the ammonia molecule NH3 , so th at the ferric ion can vibrate through the center of the hem plane. This should be kept in mind by the analysis of the experimental susceptibility data of metHb which were found to be considerably smaller than those expected for high-spin compounds.
The approach of this paper can also be extended to low-spin compounds. In hem oproteins is the binding strength of the four pyrrole nitrogens re latively weak, so that the 4A2 term lies at least ~ 1100 cm-1 above the 6AX term. Tight binding of the axial ligands with the iron cation lifts up the energy £2 . In this case the rhombic split 2E term becomes the ground state which is characterized by a large anisotropy of the g-tensor. where the aßV are listedI in Table A 
